Conjugal transfer from Escherichia coli to Alcaligenes eutrophus of the A. eutrophus genes coding for plasmid-borne resistance to cadmium, cobalt, and zinc (czc genes) was investigated on agar plates and in soil samples. This czc fragment is not expressed in the donor strain, E. coli, but it is expressed in the recipient strain, A. eutrophus. Hence, expression of heavy metal resistance by cells plated on a medium containing heavy metals represents escape of the czc genes. The two plasmids into which this DNA fragment has been cloned previously and which were used in these experiments are the nonconjugative, mobilizable plasmid pDN705 and the nonconjugative, nonmobilizable plasmid pMOL149. In plate matings at 28 to 30°C, the direct mobilization of pDN705 occurred at a frequency of 2.4 x 10-2 per recipient, and the mobilization of the same plasmid by means of the IncPl conjugative plasmids RP4 or pULB113 (present either in a third cell [triparental cross] or in the recipient strain itself [retromobilization]) occurred at average frequencies of 8 x i0-and 2 x 10-5 per recipient, respectively. The czc genes cloned into the Tra-Mob-plasmid pMOL149 were transferred at a frequency of 10-7 to 10-8 and only by means of plasmid pULB113. The direct mobilization of pDN705 was further investigated in sandy, sandy-loam, and clay soils. In sterile soils, transfer frequencies at 20°C were highest in the sandy-loam soil (10-5 per recipient) and were enhanced in all soils by the addition of easily metabolizable nutrients. For nonsterile soils, transfer of pDN705 at 28 and 20°C was observed in the sandy-loam soil, only when the soil was amended with nutrients. Frequencies varied between 1.5 x 10-8 and 1.5 x 10-6 per recipient. The results demonstrate that even genes incorporated into nonmobilizable plasmids can be exchanged between two different genera and that the presence of broad-host-range plasmids in putative recipients among soil bacteria could increase the risk of gene dissemination in case of release of genetically engineered microorganisms. The results also reveal that in certain soils, environmental conditions and particularly nutrient levels are conducive to gene transfer.
Recently, considerable attention has been given to the introduction of genetically engineered microorganisms (GEMs) into soil ecosystems. Possible applications are the control of plant diseases and insect pests and the removal of xenobiotic compounds (53) . The deliberate release of these organisms may have unpredictable consequences for the environment, and extensive scientific research studying microbial interaction and especially the fate of introduced strains and their recombinant DNA is necessary. On the other hand, accidental release of GEMs from laboratories (mainly Escherichia coli strains) and industrial installations must be taken into account as well. Concern has been expressed not only about the survival of the GEMs in the environment but also about the dissemination of their genetically engineered DNA sequences. Indigenous microorganisms acting as recipient strains for the genetically engineered DNA sequences acquire new information, and the acquisition of plasmids sometimes seems to cause physiological alterations (19, 47) . Both intra-and interspecific transfer of genetic information have been extensively demonstrated in vitro, and plasmids or other translocatable elements have been found in many genera of soil bacteria (12, 17, 28, 30, 35) . However, the link between these two observations-in vitro gene transfer and the presence of transferable extrachromosomal genetic information in different genera-has * Corresponding author.
been pointed out only a few years ago. An early study (61) observed plasmid transfer between E. coli strains in sterile soil. Schilf and Klingmuller (41) noted a transfer frequency of 10' in matings between E. coli and the indigenous bacterial populations of an agricultural soil. During the last three years, more studies demonstrating gene transfer in soil have been reported. Conjugation is the most profoundly studied mechanism of gene transfer in soil and will also be examined in this study. Most model systems assayed intraspecific or intrageneric gene transfer. Conjugation between E. coli strains in sterile and natural soils has been demonstrated several times (20, 51, 55, 61) . Intrageneric plasmid transfer has also been observed between bacilli in sterile and nonsterile soil (56, 58) , between pseudomonads in soil (54, 57, 58, 59 ) and the rhizosphere (57, 58) , and between Streptomyces strains in sterile soil (2, 36, 37) . Less information is available on conjugal gene transfer between bacteria of different genera in soil: intergeneric plasmid transfer has been observed in sterile soil (13, 38) , and plasmid mobilization from a genetically engineered E. coli strain to the indigenous soil microorganisms has been detected in natural soil (14) . MATERIALS AND METHODS Bacterial strains and plasmids. The strains used in this study, with their plasmids and main characteristics, are listed in Table 1; the plasmids themselves are listed in Table  2 . Bacterial strains were maintained in liquid nitrogen. The czc fragment is a 9.1-kb EcoRI fragment of pMOL30 conferring resistance to cadmium, cobalt, and zinc (30, 33, 34) and has been cloned into the EcoRI site of pRK290 and pBR325 ( (27) supplemented with tetracycline (20 ,ug/ml) when Soil experiments. Liquid cultures of both donor and recipient, grown overnight in 869 broth, were centrifuged (9, 000 x g, 10 min), the supernatant was decanted, and the cells were suspended in 0.85% saline or in 869 broth if enrichment of the soil was intended. If necessary, soil moisture content was adjusted with sterile deionized water. Transfer and survival studies were performed in sterile 200-ml glass pots with 100 g of soil, and the pots were covered with aluminium and polyethylene foil and stored in a larger container in which a free water surface caused a relative humidity of 100%. The whole was incubated at constant temperature. At subsequent times, soil samples (1 g) were taken and diluted in saline. The first dilutions (1/10 or 1/5) were vigorously agitated for at least 30 s on a Vortex mixer; all subsequent dilutions were agitated for 5 s. The appropriate dilutions were plated out in duplicate on the media described above. Duplicate soil samples were used for each treatment.
COD measurement. The soil suspension (100 g in 150 ml of deionized water) was shaken for 1 h and centrifuged. The supernatant was filtered through a folded filter (Schleicher & Schuell, Inc., 595 1/2) and the soluble chemical oxygen demand (COD) of the filtrate was measured by the standard dichromate method previously described (49) . The Student t test was used to calculate significant differences. RESULTS Transfer of the heavy metal resistance genes in plate matings. All matings listed in Table 3 were performed in order to calculate the frequencies of transfer of the czc genes. The direct mobilization of the Tra-Mob' plasmid pDN705 was carried out by using the donor strain S17/1 (Table 1) harboring the tra functions of plasmid RP4 in its chromosome. This strain can mobilize pDN705 at a high frequency ( Table 3) . Mobilization of the plasmid was also performed by using another E. coli donor strain lacking functional tra genes. RP4 and RP4::Mu3A (pULB113) were used as mobilizing plasmids. Mobilization of pDN705 in a triparental cross was investigated by using E. coli CM 140 or CM 214, containing the plasmids RP4 and pULB113, respectively. pDN705 could also be transferred from donor to recipient in a biparental cross if the recipient harbored the mobilizing plasmid RP4 or pULB113. Those recipient strains [AE 104(RP4) and AE 104(pULB113) ( Table 1) ] were able to acquire the heavy metal resistance coded by pDN705 by capturing the whole plasmid. This phenomenon has been called retromobilization, retrotransfer, or shuttle transfer (29, 42, 50) . The low transfer frequency in comparison with the direct mobilization frequency (Table 3) seems to be related to incompatibility between the IncPl-derived pDN705 and the RP4 (or RP4::Mu3A) plasmids.
If the czc genes were inserted in the Tra-Mob-plasmid pBR325 (the resulting plasmid was called pMOL149), they could be transferred from donor E. coli to recipient A. eutrophus by means of the mobilizing plasmid pULB113 (Table 3) . Because pMOL149 lacks a mob site, transmission of the czc sequence could only be reached by integration of the DNA fragment in pULB113. Since the donor strain used in this experiment, E. coli HB101, is a recA host, homologous recombination is excluded. Agarose electrophoresis of plasmid DNA in the transconjugants (Fig. 1 ) demonstrated that the resulting plasmids have become larger than pULB113, and the differences in size increment suggest a transposition of the czc genes from the recombinant vector into pULB113 rather than a cointegration between the two plasmids. This could explain the rather low transfer frequency (Table 3) , formation of cointegrates being more frequent than transpositions requiring specific deletions of the vector (31) . The transposition element Mu3A-derived from phage Mu (9)-seems to be responsible for the transposition of the czc genes, as mobilization could not be demonstrated with RP4 as the conjugative plasmid (Table 3) . Again, mobilization was investigated in a triparental mating and in a retromobilization configuration ( As shown in Table 3 , transfer frequency of the resistance genes was much lower if they were situated on a Mobplasmid. Nevertheless, these results demonstrate that even genes from a Mob-plasmid in a recA host can escape towards and become expressed in other genera.
Transfer of pDN705 from E. coli CM 469 to A. eutrophus AE 104 was further investigated in sandy, sandy-loam, and clay soils.
Transfer of the heavy metal resistance genes in sterile soil. All samples were incubated at 20°C after inoculation of the parental strains.
(i) Sandy soil (Tillegem). Figure 2 shows that the recipient population survived very well and that additional nutrients were needed to prevent E. coli from dying off. Plasmid transfer occurred only in the presence of added metabolizable nutrients. Transconjugants were not detected within 1 day after inoculation of both parental strains, but they were observed after 4 days. Transfer frequency was very low (Table 4) in comparison with that for the plate mating at the same temperature (20°C) ( Table 3) . Addition of broth not only enhanced the nutrient level of the soil but also raised the pH from 5.2 to 5.7, which is more favorable for conjugation.
(ii) Sandy-loam soil (Tiegem). In Tiegem soil (Fig. 3) , in both the absence and the presence of added nutrients, the introduced donor and recipient populations proliferated during the first 2 weeks (Fig. 2) . After 5 h of incubation, no transconjugants were detected in any of the samples; however, after 24 h, transfer of plasmid pDN705 was detected at a frequency of 10-5 (Table 4) , which was not much lower than in plate matings at the same temperature (20°C) ( Table  3 ). The number of transconjugants increased slightly until day 7 and remained roughly stable during further incubation (37 days). Addition of nutrients had no significant effect on the transfer frequency. The growth of both strains after inoculation in the unamended soil can be explained by the availability of nutrients which had been set free after sterilization of the soil sample. The COD after autoclaving was higher than before autoclaving by a factor of 10 (Table 5 ).
(iii) Clay soil (Merapi). As in the sandy soil, the recipient strain survived very well in the sterile unamended soil, but the donor strain declined rapidly during 2 weeks. (Fig. 4) . No transconjugants could be detected during this period. The addition of nutrients, which did not alter the pH of the soil, had a significant effect on the survival of the donor strain E. coli, and as a result, transconjugants could be isolated 1 day after inoculation. The COD of the unamended soil was significantly lower (P < 0.005) than the COD of the sandy and sandy-loam soils (Table 5) . Transfer of the heavy metal resistance genes in nonsterile soil. (i) Sandy soil (Tillegem). Since 28 to 30°C appeared to be the optimum temperature range for plate matings between E. coli and A. eutrophus, this temperature range was also considered most favorable for gene transfer in soil. Unlike in the sterile soil, no plasmid transfer was detected when the autochtonous microbiota were present (Table 6 ). Figure 5 demonstrates the poor survival of the donor strain E. coli. Even in the nutrient-amended soil, donor cells showed a rapid decline in viable numbers and could not be isolated after 2 weeks. This poor survival may be the cause of the very low probability of transfer of pDN705 in this soil (Table  6) .
(ii) Sandy-loam soil (Tiegem). The first experiment was carried out at 28°C. The recipient-donor ratio in the inoculum was 20. In the unamended soil, no transfer was observed during 2 weeks and the donor population also declined rapidly from the first day. The addition of nutrients (1.24 mg of COD per gram of dry soil) caused growth of both introduced parental strains and gave rise to detection of a small number of transconjugants after 1 and 2 days of incubation ( Fig. 6 ; Table 6 ). Transfer frequency at 28°C was very low (1. found in the experiment at 28°C, the number of both parental strains increased after inoculation (Fig. 7) ; transfer frequency was 1.5 x 10-6 ( Table 6 ). The experiment with nutrient-amended soil was repeated simultanuously at 28°C and at 20°C to verify the effect of temperature on the transfer frequency. Soil was amended with 2.64 mg of COD per gram of dry soil, and the recipient-donor ratio in the inoculum was 2.3. At 28°C, a rapid increase in number of parental strains occurred along with a rapid increase in transconjugants, while at 20°C, at which donor and recipient strains grew more slowly, transconjugants could be isolated only on day 5 and still at a very low level ( Fig. 8; Table 6 ). DISCUSSION The plate matings have demonstrated that even genes incorporated into a Tra-Mob-plasmid like pBR325 can escape from E. coli K-12 to A. eutrophus, although at low frequencies (10-7 to . For a long time, such nonmobilizable plasmids have been considered safe in connection with the release of recombinant DNA (23, 32) . Mobilization of Mob-vectors like pBR322, pBR325, and pHSV101 has already been demonstrated in triparental matings (11, 24, 26) and in biparental matings with the conjugative plasmid in the donor strain (23) . All these matings were, however, performed with members of the same family (Enterobacteriaceae). Our model uses strains belonging to different families, even to different sections (21) . In addition, the phenomenon of retromobilization creates a new possibility for gene dissemination. Donor bacteria, harboring IncPl plasmids and more precisely, RP4::Mu3A, can acquire chromosomal markers (29, 42) or markers of Mob-plasmids (this study) from the recipients at frequencies almost similar to those observed for the mobilization from donor to recipient. This hermaphroditic property-for the host can act both as a female recipient and as a male donor-shared by IncPl plasmids must be considered in the problematics of gene release, because it offers the bacteria a kind of genecapturing device. Moreover, these IncPl plasmids may play an important role in polluted environments (31); at least two catabolic plasmids were classified as broad-host-range IncPl plasmids: pJP4 (8) (catabolism of the herbicide 2,4-dichlorophenoxyacetic acid) and pSS50 (43) (involved in the degradation of some chlorinated biphenyls). The direct mobilization of plasmid pDN705 in both sterile and nonsterile soil has been shown to be greatly dependent on the type of soil. As stated by Trevors et al. (53) , sterile soil does not simulate the normal soil environment but represents, however, a compromise between strict laboratory conditions and in situ experiments.
The results obtained with sterile soils in this study provide some interesting information. In sterile conditions, the re- Klein and Casida (18) , who assumed lack of nutrients to be the main cause of the quick die-off of E. coli. Although a lot of studies have demonstrated the protective effect of clay minerals (20, 46, 48) , the Merapi clay soil did not turn out to be an environment suitable for E. coli. The lack of nutrients in this clay soil-the COD of the clay soil was significantly lower (P < 0.005) than the COD of the sandy-loam soilappeared to counteract the otherwise favorable effect of a high clay content. A correlation between donor survival and the number of transconjugants formed, was obviously demonstrated. Transfer frequency was highest (39) . In situ plasmid transfer from an introduced GEM to indigenous soil microorganisms, by the plate-counting method, has been observed (14) , but all transconjugants appeared to be Pseudomonas fluorescens, indicating that this technique probably excludes potential transconjugants that are not culturable on the selective medium. The monitoring of gene dissemination towards the indigenous microbial population requires other detection methods. DNA probe methods have been developed and allow the detection of specific DNA sequences in nonculturable organisms also, but they are not sensitive enough to detect a few transconjugants per gram of soil (10, 15, 25, 45, 52) . The polymerase chain reaction, followed by hybridization with a specific probe, allows detection of picogram amounts of DNA (4, 45) .
The czc fragment is an interesting tool in the study of transmission of recombinant DNA. This gene escape assay is sensitive enough to detect transfer of genetic information stored in Tra-Mob-plasmids (lo8 per recipient in plate matings), but the study of transfer of chromosomal czc genes remains to be completed. The plate-counting technique, with a minimal medium supplemented with heavy metals, is selective enough to detect transfer of genes cloned in TraMob' plasmids in nonsterile soil (10-6 to 10-8 per recipient).
In addition, the experiments reported here focus attention on the transfer properties (in particular the ability of retrotransfer) of IncPl plasmids, and thus on the emergence of additional possibilities of gene dissemination if such plasmids are present in a biotope where release is likely to occur. In order to assay retrotransfer in soil, the czc fragment will be cloned into a Tra-Mob' IncQ vector, which is compatible with the IncPl mobilizing plasmids and is thus expected to be transferred in soil at detectable frequencies. This gene escape assay, simulating the accidental release of laboratory strain E. coli K-12, could be extended to simulate deliberate release of soil bacteria by using, for example, Pseudomonas putida as the donor of the czc genes. Fluorescent pseudomonads do not express the czc fragment either. Transfer of the czc genes will also be investigated in soil polluted by heavy metals to assess the influence of pollutant stress on the spread of genes conferring resistance to this stress factor.
